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PURPOSE Emerging evidence suggests a correlation between the tumor mutational burden (TMB) and the
response to programmed cell death-1 protein (PD-1) monotherapy across multiple cancer types. In skin
cancers, as high TMB is mostly because of ultraviolet (UV) exposure, we hypothesized a correlation between the
primary melanoma cutaneous location according to sun exposure and response to anti-PD-1 monotherapy.

METHODS The aim of this study was to analyze, in advanced melanoma, the relationship between TMB, locations
according to sun exposure, and response to PD-1 inhibitors. We conducted a prospective multicentric analysis,
by sequencing the most recent metastatic sample before PD-1 inhibitors using FoundationOne assay.

RESULTS One hundred two patients were included, with TMB available for 94 cases. In univariate and mul-
tivariate linear regression, TMB was significantly associated with sun-exposed areas of the primary melanoma
location and with age (coefficients of the association with log-TMB: non-UV location, —1.05; chronic sun-
exposed area, 1.12; Pvalue for the location, < 107°; age, 0.021 per year, P value for age, .002). Molecular UV
signature present on the metastatic site was associated with higher TMB (P =.003). Melanomas bearing a high
TMB had a higher probability of response to PD-1 inhibitors compared with melanomas with a low TMB, with a
dose-dependent effect following an exponential curve and a negative odds ratio of 0.40 (95% Cl, 0.20t0 0.72,
P =.004) between log-TMB and 6-month progression.

CONCLUSION Cumulative sun exposure related to skin location and molecular UV signature present on the
metastatic site appear to be relevant biomarkers directly linked to TMB. Because TMB is not yet available to all
for routine clinical use, the location of the primary melanoma in a sun-exposed area may play an important role in
clinical decisions regarding therapeutic choice.

JCO Precis Oncol 5:1821-1829. © 2021 hy American Society of Clinical Oncology
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INTRODUCTION

Immune checkpoint inhibitors (ICls), including pro-
grammed cell death-1 protein (PD-1)/programmed
cell death-ligand-1 and cytotoxic T-lymphocyte—
associated protein 4 (CTLA-4) inhibitors, have pro-
foundly changed the prognosis of patients in multiple
cancer types, including advanced melanoma.*? PD-1
inhibitors (pembrolizumab and nivolumab) have been
approved by the US Food and Drug Administration for
metastatic melanoma, and recently in the adjuvant

costly drugs, but no positive or negative predictive
biomarkers are available to date to guide clinicians in
the choice of specific therapies.»*® Tumor mutational
burden (TMB, also known as mutation load) has
emerged as a seemingly promising predictive bio-
marker for ICIs®® and is likely to be incorporated into
future treatment algorithms for these agents: It reflects
the measure of the number of somatic protein-coding
base substitution and insertion or deletion mutations
occurring in a tumor specimen.® Several prior studies

setting in stage Il melanoma.®* Although response
rates (RR) are durable and remarkable, only approx-
imately 35%-45% of patients benefit from these

have reported a positive predictive value on the effi-
cacy of ICls in high TMB tumors across multiple
cancers, supporting the fact that neoantigen burden
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CONTEXT

Key Objective

Immune checkpoint inhibitors have profoundly changed the prognosis of patients in multiple cancer types including advanced
melanoma; however, predictive biomarkers are needed. Tumor mutational burden (TMB) has emerged as a seemingly
promising predictive biomarker but is not accessible to everyone because of no standardized technique.

Knowledge Generated

This study showed that the TMB is associated with the primary site of melanoma according to sun exposure, which in turnis a
biomarker of response to immune checkpoint inhibitors. Location of primary melanoma could thus be used as an easy-to-
use proxy of the TMB criterion.

Relevance

As long as TMB is not more widely available, age and sun-exposure pattern of the location of primary melanoma can help to
make decisions in conjunction with TMB assessment.

influences sensitivity to ICls, but this measure is not
available worldwide for routine clinical use yet.’°-12

In this current study, we analyzed clinical, histologic, and
mutational data from patients with advanced melanoma to
analyze whether TMB is associated with primary melanoma
sun-exposed location, molecular ultraviolet (UV) signature,
and response to PD-1 inhibitors.

METHODS
Study Design and Participants

A multicenter prospective study was performed in six aca-
demic institutions, hospitals, and cancer centers in France.
Patients with advanced melanoma, who underwent a somatic
comprehensive genomic FoundationOne assay® (Foundation
Medicine, Cambridge, MA) were prospectively included.
Patients’ clinicopathologic characteristics, tumor genomics
results, and outcome data were collected. According to the
location of the known primary melanoma, we allocated each
patient to a group of sun-exposure pattern including
chronically sun-exposed area such as head and neck, in-
termittently sun-exposed area such as trunk, arms, and legs,
and sun-protected areas such as feet, soles, toes, genitals,
mucosal, and uveal areas. Progression and tumor response to
PD-1 inhibitors were assessed according to the RECIST
guidelines version 1.1.13 Informed consent was obtained from
all patients. The study was conducted according to the
Declaration of Helsinki and Good Clinical Practice guidelines.

Next-Generation Sequencing-Based Assessment of
Genomic Characteristics

TMB, UV signature, and microsatellite instability status were
analyzed on the most recent metastatic sample of the patient
available before PD-1 inhibitors. DNA was extracted from
formalin-fixed, paraffin-embedded tissue sections to perform
comprehensive genomic profiling with FoundationOne Assay
in a Clinical Laboratory Improvement Amendments—certified,
College of American Pathologists—accredited, New York
State—approved laboratory (Foundation Medicine).** TMB
was calculated by counting the number of synonymous and

1822 © 2021 by American Society of Clinical Oncology

nonsynonymous mutations (muts) on up to 1.2 megabases
(Mb) of sequenced DNA, according to an algorithm that
extrapolated to the genome as a whole (muts/Mb).° UV
signature is dominated by C > T or CC > TT transitions and
was assigned by analysis of the trinucleotide context and
profiled using the Sanger COSMIC signatures of mutational
processes in human cancer, as described by Zehir et al.'®
Samples were considered positive for UV signature if there
was a > 40% fit. UV signature was not analyzed in samples
with < 10 assessable alterations.

Statistical Analysis

Multiple linear regression models were fit to estimate the
TMB according to a set of characteristics of the melanoma
and the subject, including the location according to sun
exposure. To make the distribution of the TMB consistent
with a normal distribution, the TMB was log-transformed
(log-TMB). Two patients were excluded because of a TMB
equal to zero mut/Mb. Univariate logistic regression analyses
were performed to estimate the association between the 3-
month and the 6-month progression and the log-TMB.
Multivariate analysis was conducted to estimate the asso-
ciation between the 6-month progression and the log-TMB
after adjustment for potential confounders. We added a
sensitivity analysis excluding mucosal and uveal melanomas
or adding combination of anti—~CTLA-4 and anti-PD-1. TMB
was compared between progressors and nonprogressors
using a Mann-Whitney U test. For all statistical analyses, the
type 1 error has been set at 5%. All data were analyzed using
Rstudio Version 1.0.136 (Rstudio, Inc, Boston, MA).

RESULTS
Patients’ Characteristics

One hundred two patients were prospectively included from
six French treatment centers: University Hospital of Bor-
deaux (n = 32), Gustave Roussy Institute (n = 21), Uni-
versity Hospital of Rennes (n = 18), University Hospital of
Clermont-Ferrand (n = 17), Saint-Louis Hospital-University
of Paris (n = 11), and University of Lille (n = 3), between

Downloaded from ascopubs.org by 80.82.234.184 on January 13, 2022 from 080.082.234.184
Copyright © 2022 American Society of Clinical Oncology. All rights reserved.



Association of UV-Signature, TMB, and Response to Anti-PD-1 Therapy

October 2017 and June 2019 (Table 1). Median age at
diagnosis was 59.3 years (standard deviation [SD] 14.4),
with 57% of patients being male. Most melanomas were
superficial spreading melanomas (n = 37; 36%), followed

TABLE 1. Baseline Characteristics of Study Patients

Characteristics

All Patients (N = 102)

Age, years

Mean (SD) 59.3 (14.4)
Sex, No. (%)

Men 57 (55.9)

Women 45 (44.1)
ECOG PS, No. (%)

0 50 (49)

1 26 (25.5)

2 3(2.9)
LDH, No. (%)

Elevated 16 (15.7)
Metastatic sites (may have multiple), No. (%)

Brain 35 (34.3)

Lung 36 (35.3)

Liver 30 (29.4)

Skin 50 (49)
Evidence of BRAF V600E mutation, No. (%) 35 (34.3)
Tumor type, No. (%)

SSM 37 (36.3)

Unknown 20 (19.6)

Nodular 17 (16.7)

ALM 12 (11.8)

MM 9 (8.8)

um 5 (4.9)

Others 2 (2.0)
Breslow

Mean (SD) 17.8 (15.3)
Ulceration, No. (%)

Yes 38 (37.3)
Sun exposure, No. (%)

Chronic (face, neck) 6 (5.9)

Intermittent (trunk, arms, legs) 50 (49)

Sun-protected areas 34 (33.3)
Prior lines of therapy before PD-1 inhibitors, No. (%)

0 76 (74.5)

1 22 (21.6)

> 1 4 (3.9)

Abbreviations: ALM, acral lentiginous melanoma; BRAF, v-raf murine sarcoma
viral oncogene homolog B1; ECOG PS, Eastern Cooperative Oncology Group
performance status; LDH, lactate dehydrogenase; MM, mucosal melanoma; PD-1,
programmed cell death-1 protein; SD, standard deviation; SSM, superficial
spreading melanoma; UM, uveal melanoma.

JCO Precision Oncology

by unknown primary (n = 20; 19.6%) and nodular types
(n =17; 16.8%). Twelve (11.8%) were acral lentiginous
melanomas, nine (8.8%) mucosal, five (5%) uveal, one
naevocytoid, and one desmoplastic. The v-raf murine
sarcoma viral oncogene homolog B1 (BRAF) V60OE al-
terations were detected in 34 cases (34%). 80 patients
were treated with anti-PD-1 monotherapy, which was
the first-line treatment for 72.5% of them (n = 58). TMB
was assessed in 94 cases (DNA extraction failure in 8
cases). Median TMB was 12.4 muts/Mb (SD, 12.6; range,
0-60 muts/Mb). Its distribution is depicted in the Data
Supplement. Corresponding metastatic sites are presented
in the Data Supplement. All melanomas were considered
microsatellite instability—stable.

High TMB Is Associated With Older Age

Advanced-age patients had higher TMB. The coefficient of
age with log-TMB in a multivariate regression model was
0.021 (95% Cl, 0.008t0 0.034, P=.002; Table 2). Sex was
not associated with TMB (P=.21). BRAF V60OE alterations
were not statistically correlated with TMB (P = .38).

High TMB Is Associated With Sun-Exposed Location

The distribution of TMB according to the melanoma location
is shown in Figure 1. The mean TMB was 4 muts/Mb (SD,
2.1) for sun-protected areas, 13.6 muts/Mb (SD, 10.9) for
intermittently sun-exposed areas, and 37.2 muts/Mb (SD,
16.0) for chronically sun-exposed areas. In univariate
analysis, log-TMB was associated with sun-protected areas
with a —0.95 coefficient (95% Cl, -1.32 to -0.57; P < 107°)
and chronically sun-exposed areas with a 1.28 coefficient
(95% Cl, 0.59 to 1.98; P < 107°). After adjustment on age,
sex, and BRAF mutational status in a multivariate analysis,
log-TMB was significantly associated with location according
to sun exposure (sun-protected areas: coefficient = —1.05,
95% Cl, —1.43 to —0.67; chronically sun-exposed areas:

TABLE 2. Clinical Determinants of TMB in Advanced Melanoma in
Multivariate Analysis

Characteristics Coefficient® (95% CI) P

Location (ref = intermittent < 10°
sun-exposed area®)
Sun-protected® -1.05 (-1.43 to -0.67)
Chronic sun-exposed® 1.12 (0.45 to 1.79)
Sex (men) 0.22 (-0.13t0 0.56) .21
Age (per year)® 0.021 (0.008 to 0.034) .002
BRAF V600E mutation 0.13 (-0.2510 0.52) .49

Abbreviations: BRAF, v-raf murine sarcoma viral oncogene homolog
B1; TMB, tumor mutational burden.

2Coefficient of the multivariate linear regression between log-TMB
and clinical characteristics of the melanoma and the patient.

®Including trunk (n = 23), arm (n = 6), and leg (n = 19).

Including mucosal (n = 7), uveal (n = 4), foot (n = 7), toes (n = 7),
sole (n = 4), and genital (n = 1).

dIncluding face (n = 4) and neck (n = 2).

¢Continuous variable.
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FIG 1. TMB (muts/Mb) measure accord-
ing to sun exposure of the site of primary
melanoma. The median, and the first and
third quartiles of the TMB are depicted in
boxplots according to the sun exposure of
the site of primary melanoma. Patients
with unknown site of primary melanoma
(n = 10) were excluded. muts/Mb, muta-
tions per megabases; TMB, tumor muta- ‘
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coefficient = 1.12, 95% Cl, 0.45 to 1.79; P < 10°°, com-
pared with intermittently sun-exposed areas; Table 2).

When a clinical picture of the melanoma scar was available
(Fig 2), we observed various signs of past UV exposure,
presumably involved in melanoma genesis: pigmentation
heterogeneities, sun-induced freckling (lentigines), wrinkles,
sagging, and presence of actinic keratoses. Notably, the skin
surrounding low TMB melanoma scars were typically devoid
of sun damage (Figures 2A and 2B v 2C and 2D).

TMB Is Associated With Molecular UV Signature

The tumor DNA canonical mutational signature secondary
to UV-exposure was available for 30 melanomas whose
TMB reached at least 10 muts/Mb, as shown in the Data
Supplement. UV signature was associated with higher log-
TMB (coefficient 1.29, 95% Cl, 0.48 to 2.10, P = .003).

1824 © 2021 by American Society of Clinical Oncology

Negative Association Between TMB and Progression

For response to PD-1 inhibitors analysis, 22 patients were
excluded. Nine did not receive any systemic treatment,
two received PD-1 inhibitors as an adjuvant treatment,
and 11 received a combination of CTLA-4 and PD-1 in-
hibitors. Low TMB was strongly associated with progres-
sion to PD-1 inhibitors at 3 and 6 months in cutaneous
melanomas (3-month mean TMB from progressors v
nonprogressors: 10.2 v 18.32 muts/Mb, P =.02; 6-month
mean TMB from progressors v nonprogressors: 10.6 v
19.6 muts/Mb, P = .01, Fig 3). An inversely exponential
relationship was observed when plotting the estimated
association between the 6-month progression and the
TMB against the centers of the quartiles of the TMB (Data
Supplement).
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FIG 2. TMB and clinical signs of sun expo-
sure. Photographs of the observable clinical
signs of sun damage surrounding the scars of
primary melanoma excision of four patients:
(A) melanoma of the external side of the right
foot; TMB 2 muts/Mb DNA; progression dis-
ease at 6-month follow-up, (B) melanoma of
posterior side of the right calf; TMB 1 mut/Mb
DNA; progression disease at 6-month follow-
up, (C) melanoma of the upper back; TMB 45
muts/Mb; complete response at 6-month fol-
low-up, and (D) melanoma of the posterior
part of the neck; TMB 44 muts/Mb DNA;
complete response at 6-month follow-up.
Absence of sun-damaged skin (*). Sun-in-
duced freckling (black arrow). muts/Mb,
mutations per megabases; TMB, tumor mu-
tational burden.

A unit increase in log-TMB, ie, a multiplication of TMB by
2.7 (because exp(1) ~ 2.7), changed the odds of 3-month
progression by 0.47(95% Cl, 0.26 to 0.79, P =.007) and
6-month progression by 0.45 (95% Cl, 0.24 to 0.77,
P = .006) in a univariate analysis. These results were
confirmed by multivariate analysis, after adjusting for sex,
age, BRAF mutation, and treatment line, with a significant
negative association of log-TMB with 6-month progression
(OR =0.40, 95% ClI, 0.20 t0 0.72, P =.004), as shown in
Table 3. When excluding uveal and mucosal melanoma
from the nonexposed group, we found similar results
(OR = 0.36, 95% ClI, 0.16 to 0.69, P = .005, Data Sup-
plement). When including patients receiving a combination
of CTLA-4 and PD-1 inhibitors, the negative association was
even stronger (P = .0009). A direct association between
6-month progression and location according to sun exposure
was then analyzed. The association did not reach signifi-
cance, with an OR of 0.21, 95% Cl, 0.02 to 1.38 for sun-
protected sites, and 1.15, 95% Cl, 0.37 to 3.73 for UV-chronic
areas compared with intermittently sun-exposed areas.

DISCUSSION

Our study identifies a strong association between TMB and
cumulative sun exposure related to skin location in ad-
vanced melanoma tumors. The TMB in cutaneous mela-
noma is high compared with other nonmelanoma tumors
because of the mutagenic effects of UV exposure.'®!° We

JCO Precision Oncology

found, to our knowledge, for the first time that both the UV
molecular signature present on the metastatic site and the
sun exposure on the primary location of the melanoma were
associated with higher TMB. This suggests that melanoma
metastases carry the UV molecular signature present at
their primary site of origin, which is a matter of importance.
Similarly, BRAF or neuroblastoma RAS viral oncogene
homolog mutations are preserved between primary and
metastatic melanoma, explaining why the initial melanoma
is used for BRAF analysis before treatment.2® Therefore,
one may hypothesize that when TMB measure is not
available, the molecular UV signature on the primary
melanoma or various signs of past UV exposure have to be
considered.

We also analyzed TMB according to histologic subtypes.
Although acral, uveal, or mucosal melanomas had different
genetic alterations, and tumor behaviors, TMB values were
similar between subgroups varying between O and 9 muts/
Mb. These results are in accordance with those reported in
the literature,?'?* as uveal melanomas had the lowest TMB
and the poorest RR to PD-1 inhibitors (overall survival 3.6%
and median progression-free survival 2.6 months).?® In
acral and mucosal melanomas, where the RR is lower
compared with other melanoma subtypes,?® higher degrees
of aneuploidy and lower numbers of mutagenic drivers may
allow a biologic situation where TMB does not need to be

1825
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FIG 3. Dotplot comparing TMB for patients receiving PD-1 inhibitors
who progressed or not after 6 months of treatment (restricted to
cutaneous melanomas). The sun exposure of the site of primary
melanoma is represented. Mean TMB and SD are provided (cross-
bars). muts/Mb, mutations per megabases; PD-1, programmed cell
death-1 protein; SD, standard deviation; TMB, tumor mutational
burden.

high for tumorigenesis and propagation.?” In our study,
TMB was higher in chronically sun-exposed areas com-
pared with intermittently sun-exposed sites. Recent works
showed that desmoplastic melanoma, known to be a
specific UV-related melanoma, had a high mutational

TABLE 3. Association of Characteristics of Patient and Tumor With
6-Month Progression in Patients With Advanced Melanoma Receiving
Anti—PD-1 Monotherapy in Multivariate Analysis

6-Month Progression

Patients and Tumors’ Characteristics OR (95% CI) P

Log-TMB? (n = 71) 0.40 (0.20t0 0.72) .004
Sex (men) 0.61 (0.20t0 1.82) .38
Age (per year)? 0.95 (0.88t0 1.01) .14
BRAF VE0OE mutation 2.32(0.59t0 11.12) .25
Treatment line (second or higher) 0.32 (0.07 to 1.31) .12

Abbreviations: BRAF, v-raf murine sarcoma viral oncogene homolog
B1; PD-1, programmed cell death-1 protein; TMB, tumor mutational
burden.

2Continuous variable.

1826 © 2021 by American Society of Clinical Oncology

burden and a significant clinical benefit of PD-1 inhibitors
with strong UV signature.1?%2° Qur cohort confirms these
associations across all melanoma subtypes: UV signature
was exponentially and significantly associated with higher
TMB. Not surprisingly, the BRAF V600E mutation was not
associated with a higher TMB in our results, in accordance
with the literature as only V 600K mutants are typically UV-
induced and associated with higher mutational loads.>® To
go even further, we recently proposed pericicatricial sun-
exposure pattern of the skin around the primary melanoma,
as a directly accessible surrogate marker for TMB, to
predict response to systemic treatments, in two indepen-
dent studies including more than 900 patients.3132

Another important finding of this study is the positive as-
sociation between advanced age and higher TMB
(P=.002). A few studies reported an association between
age and TMB, but these studies encompassed smaller
cohorts and covered multiple solid tumors.*?>23 In cancer
biology, chronic sun exposure over years permits the ac-
cumulation of sun damage, and this may correlate with age
of melanoma diagnosis.

Therefore, one may suggest the use of multiple criteria,
including age, pattern of sun-exposure area, and signs of
past UV exposure around melanoma scar, to clinically
approach TMB value.

We also confirmed TMB as a predictive biomarker for re-
sponse to PD-1 inhibitors, with a significant negative as-
sociation of log-TMB with 6-month progression in the
multivariate analysis, even when excluding uveal and
mucosal melanomas from the nonexposed group of pa-
tients. These results are in accordance with several studies
showing a significant correlation between TMB and the
objective response rate.”3%3¢ Furthermore, several authors
sought to estimate a TMB cutoff in the metastatic mela-
noma population.3”38 A universal definition of high TMB is
difficult to propose, as TMB cutoff points vary across cancer
types, and may also differ as no standardized technique is
available.®*! In our study, we showed an inversely ex-
ponential relationship between TMB and progression under
PD-1 inhibitors, with a dose-dependent proportional effect
rather than a threshold effect. This finding is relevant be-
cause it means that suggesting a TMB cutoff value has no
statistical and biologic rationale in patients with melanoma.
Another study highlighted an exponential relationship be-
tween TMB and objective response rate to PD-1 inhibitors,
but the correlation was analyzed across different types of
cancers only.*? This can be applied to individual patient
care or counseling: although a high TMB should favor
single anti-PD-1 immunotherapy, an intermediate TMB
may favor combined immunotherapies (anti-PD-1 plus
anti-CTLA-4 or anti-lymphocyte activation gene-3),
whereas a low TMB may predict a prolonged response
to targeted therapy as shown for lung cancer*® because of
fewer subclones able to lead to clinical resistance under
selective pressure. Thus, TMB will be of great help in
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optimizing the choice of first-line treatment, which is cur-
rently restricted to administration mode (oral v intravenous
delivery) or side-effect preferences. This predictive bio-
marker might even one day avoid wide re-excisions in
patients with thick melanomas who are predicted long-term
responders to adjuvant or neoadjuvant anti-PD-1 therapy.

In conclusion, we showed a specific and significant rela-
tionship between the location of the melanoma according to
sun exposure and TMB, turning the location into an easy-
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